Activation of the visual pigment by light in rod and cone photoreceptors initiates our visual perception. As a result, the signaling properties of visual pigments, consisting of a protein, opsin, and a chromophore, 11-cis-retinal, play a key role in shaping the light responses of photoreceptors. The combination of pharmacological, physiological, and genetic tools has been a powerful approach advancing our understanding of the interactions between opsin and chromophore and how they affect the function of visual pigments. The signaling properties of the visual pigments modulate many aspects of the function of rods and cones, producing their unique physiological properties.
tical proteins in their phototransduction cascades. Despite these similarities, rods and cones exhibit important functional differences that can be demonstrated physiologically (Fig. 1, A and B) (5) (6) (7) (8) . First, rods are so sensitive that they can detect a single photon of light (9) , which makes them perfectly suited for dim light vision. On the other hand, cones are up to 100-fold less sensitive than rods (Fig. 1C) (10, 11) . As a result, they cannot signal in dim light conditions, depriving us of color vision at night. Second, rods saturate in even moderately bright light and remain nonfunctional during most of the day (12) . In contrast, cones have a remarkable ability to adjust their sensitivity and remain photosensitive even in extremely bright light (13) . This process, known as light adaptation, prevents cones from saturating in bright light and allows us to see throughout the day. With rods saturated, cones are responsible for most of the visual information reaching our brain during the day. Third, rods experience a long refractory time following exposure to bright light and can take up to 1 h to completely recover their sensitivity (14) . In contrast, cones quickly recover their sensitivity within a few minutes. This process, known as dark adaptation (15) , prevents cones from becoming refractory and allows us to retain visual perception in a quickly changing light environment.
The functional differences between rods and cones have been well documented. However, the mechanisms producing these differences are still not well understood and are a subject of active investigation (16) . Considering that the activation of multiple G proteins by a single photoactivated pigment molecule represents the first amplification step in the phototransduction cascade, it is likely that changes in the activity or lifetime of the photoactivated pigment will have substantial effects on the light responses of photoreceptors. In addition, considering that there are ϳ10 7 -10 8 pigment molecules in a mammalian rod (17) (18) (19) , the basal activity of the pigment and its spontaneous activation will also be expected to have substantial effects on the physiological properties of rods and cones. The interaction between opsin and the retina and its effect on the signaling properties of vertebrate pigments can be studied with biochemical or physiological tools by substituting the native chromophore with various chromophore analogs (20, 21) . Although removed from the pigment epithelium, photoreceptors retain their functional properties long enough to allow careful physiological studies. The recent development of transgenic tools has added a second powerful approach to studying the opsin-chromophore interaction by substituting the endogenous opsin with various mutant forms. This method has also proven useful in understanding how opsin mutations affect the function of the pigment, potentially leading to visual disorders (22) (23) (24) . In this minireview, we summarize some of the findings on how opsin-chromophore interactions affect the function of photoreceptors and contribute to the distinct physiological properties of rods and cones.
Rod Versus Cone Pigment Signaling
One way of investigating how visual pigments determine the function of rod and cone photoreceptors is to compare their signaling properties directly. The efficiencies with which rod and cone visual pigments activate the phototransduction cascade and are subsequently inactivated by it can be studied in transgenic photoreceptors coexpressing the two pigment types. Red cone pigment expressed in transgenic Xenopus rods induces a red shift in the spectral sensitivity of the cells, demonstrating the ability of the transgenic cone pigment to couple to the rod phototransduction cascade (25) . The spectral separation between the two pigments allows a comparison of the photoresponses generated preferentially by the rod or cone pigment in the same rod. Notably, the two responses have identical amplitude and kinetics, indicating that red cone pigment produces rod-like responses when expressed in rods. Conversely, Xenopus red cones expressing transgenic human rod pigment demonstrate that rod pigment produces cone-like responses when expressed in a cone (25) .
More recently, such studies have been extended to transgenic mouse rod photoreceptors. This approach has the great advantage that it enables the use of rhodopsin knock-out animals to generate and functionally characterize mice with rod photoreceptors expressing exclusively cone opsins (26 -29) . Such a pigment substitution produces a dramatic shift in the spectral sensitivity of these transgenic rods, rendering them most sensitive to ultraviolet light (29) , consistent with the peak of the absorption spectrum of mouse S-opsin, or to red light (28) , consistent with the peak of the absorption spectrum of human L-opsin. However, the light responses produced by the cone pigment in these transgenic rods still have rod-like amplitude and kinetics. Taken together, these results demonstrate that rod and cone pigments are equivalent with respect to signaling downstream in phototransduction: first, the active lifetimes of both are dictated by shutoff regulated by phosphorylation and arrestin binding rather than by the decay of their physiologically active intermediate (Meta II); second, the rhodopsin kinase and arrestin in a rod or cone act identically on rod and cone pigments; and third, rod and cone pigments have identical efficacies when coupled to a given (rod or cone) phototransduction cascade.
Spontaneous Thermal Activation of Visual Pigment
The visual pigment can undergo spontaneous thermal activation when 11-cis-retinal is spontaneously isomerized to alltrans-retinal in the absence of light. As this event produces a cellular response that is identical to the one produced by a photon of light (30) , a high rate of spontaneous activation would interfere with the function of rods as photon counters. However, the mouse rod visual pigment has an astonishingly low rate of spontaneous activation, ϳ10 Ϫ11 s Ϫ1 per molecule, corresponding on average to an isomerization every 2000 years (2)! As a result, despite the very high expression level of pigment in the outer segments of mouse rods, their rate of spontaneous thermal pigment activation is only 0.012 s Ϫ1 per cell (31). It had been previously suggested that, due to their low activation energy, cone pigments will undergo spontaneous activation in darkness at a high rate (32) . This hypothesis was supported by studies showing that salamander red cones have a high level of activity, or noise, in darkness (33, 34) . Considering that cones are 30 -100-fold less sensitive than rods (Fig. 1C) , a higher rate of cone pigment thermal activation represents a possible mechanism contributing to their lower sensitivity. However, the single photon response in cones is too small to be physiologically observed (33) , making the direct measurement of the rate of cone pigment activation impossible by currently available methods.
As discussed above, when cone pigments are expressed in rods, where their activation is amplified by the rod phototransduction cascade, they produce detectable single photon responses. As a result, the thermal activation of cone pigment in transgenic rods produces observable cellular responses that allow the measurement of the molecular rate of cone pigment thermal activation. Using this approach, the rate of spontaneous thermal activation of L-cone opsin expressed in Xenopus rods was found to be some 10,000-fold higher than the corresponding rod pigment thermal activation rate (25) . This high rate of spontaneous cone pigment activation results in constitutive activity of the cone phototransduction cascade even in darkness. Thus, amphibian red cones are constantly exposed to "dark light," which induces adaptation and therefore contributes to their lower sensitivity and faster response kinetics compared with rods. In mouse rods, the rate of spontaneous thermal activation of L-cone pigment was found to be 1.35 ϫ 10 Ϫ7 s Ϫ1 (28), still substantially higher than the corresponding rod pigment rate but ϳ40-fold lower than that estimated from Xenopus rods after taking into account the difference in temperature of the mouse and Xenopus tissues. The discrepancy in the thermal rates of cone pigment activation in Xenopus and mouse is likely due to the different chromophores that these two species use (11-cis-3-dehydroretinal, or A2, in Xenopus versus 11-cis-retinal, or A1, in mouse). In addition, the rate of thermal activation of the pigment is directly related to its spectral sensitivity, with longer wavelength pigment having a higher rate of spontaneous activation (35, 36) .
Spontaneous Cone Pigment Dissociation
Biochemical studies from the 1960s and 1970s had suggested that, in addition to a higher rate of spontaneous thermal activation, cone pigments might also be prone to spontaneous dissociation into free opsin and 11-cis-retinal (37, 38) . In contrast, the covalent bond between opsin and 11-cis-retinal in rod pigments appears to be very stable (39) . The stability of the covalent bond between opsin and 11-cis-retinal can be examined physiologically using pharmacological manipulations in amphibian photoreceptors (40) . Incubation of darkadapted salamander cones with exogenous 9-cis-retinal produces a gradual blue spectral shift in the cells' action spectrum, consistent with the gradual exchange of the endogenous 11-cis-chromophore with 9-cis-retinal. In addition, treatment of dark-adapted salamander cones with the chromophore-binding protein CRALBP, which binds specifically 11-cis-retinoids, results in gradual desensitization of the cones, consistent with the gradual removal of chromophore from their pigment. Notably, the subsequent addition of exogenous 11-cis-retinal not only reverses the effect of CRALBP but results in 2-fold higher sensitivity in cones compared with their initial dark-adapted state. Such evidence for the presence of free opsin can be observed in dark-adapted salamander red cones and blue cone pigment-containing blue cones and green rods (41) but not in red rods. These results demonstrate that the formation of the covalent bond between opsin and 11-cis-retinal is reversible in darkness in amphibian red and blue cones but is irreversible in rods. This dissociation results in a surprisingly large amount of free opsin (ϳ10%) in fully dark-adapted red cones. Notably, with its constitutive transducin-stimulating activity (42), the free cone opsin produces desensitization in salamander red cones equivalent to that of a steady light causing 500 photoisomerizations/s (40), quite similar to the level of constitutive activity produced by thermal activation of their pigment (25, 33, 34) . It is not known whether mammalian cone pigments are also prone to spontaneous dissociation similar to their amphibian counterparts.
Lifetime of Photoactivated Pigment
Normally, the decay of the physiologically active Meta II state of the visual pigment to its inactive Meta III form and then to free opsin is slower than its inactivation by the photoreceptor cell. Following absorption of a photon, the pigment is rapidly inactivated in a two-step process that involves partial initial inactivation by rhodopsin kinase (43), followed by the binding of a capping protein, arrestin, which blocks completely the ability of the visual pigment to activate the phototransduction cascade (44) . This pigment inactivation takes place within tens of milliseconds after photoactivation (45, 46) . In contrast, the decay of the photoactivated pigment to opsin and all-transretinal takes seconds in cones and minutes in rods (47) . Contrary to early expectations, the experiments with transgenic animals discussed above revealed that the characteristics of the light response are not controlled by the visual pigment and instead depend on the properties of the phototransduction cascade triggered by the pigment. Indeed, recent studies have demonstrated notable differences in the efficiency of activating phototransduction by visual pigment (48) and in the rates of pigment inactivation by phosphorylation (49) in fish rods and cones.
Under dim light conditions, Meta II is inactivated rapidly enough by the cell that its decay does not affect the light response. However, it is possible that, under brighter light conditions, the capacity of the photoreceptor to turn off the photoactivated pigment by phosphorylation and arrestin binding becomes exhausted. This scenario would render the decay of Meta II rate-limiting for the termination of the light response. Indeed, experiments with the chromophore analog 9-demethylretinal support this notion. This retinoid can form functional pigment; however, its Meta II decays slower than that of 11-cis-retinal pigment (50) . Salamander cones with pigment regenerated with 9-demethylretinal produce dim flash responses with normal kinetics. However, for flashes activating Ͼ0.2% of the 9-demethyl cone pigment, the response inactivation becomes progressively slower with increased light intensity (51), suggesting that, under brighter light, the decay of Meta II might dominate the response shutoff. The validity of this hypothesis remains to be tested in mammalian photoreceptors. It would be particularly significant in cones, where rapid response inactivation is critical for their function in bright light.
The lifetime of the physiologically active Meta II state of rod visual pigments can be estimated from biochemical experiments with purified or heterologously expressed opsins (47) . This approach is challenging in the case of cone pigments, as their low abundance and instability make their purification challenging. However, the recent development of transgenic mouse models has rendered possible the estimation of Meta II lifetime in intact photoreceptors. The light response shutoff in wild-type mouse rods reflects the inactivation of the phototransduction cascade. In the absence of arrestin, the rod light response shutoff becomes biphasic, with a rapid initial shutoff driven by the phosphorylation of the pigment, followed by a substantially slower second phase, driven by the decay of the phosphorylated Meta II pigment ( Fig. 2A) (44) . This has allowed the measurement of the Meta II decay rate of various pigments under physiological conditions. For instance, mouse rod Meta II decays with a time constant of ϳ50 s (26, 44) . However, the E122Q mutation of rod opsin accelerates Meta II decay to 4.9 s (26) . These values are comparable with the numbers derived from biochemical experiments (52) . Using the same approach in transgenic mouse rods expressing cone pigments, the rate of mouse S-cone pigment Meta II decay was found to be ϳ1.2 s (Fig. 2B) (29) , whereas human L-cone pigment Meta II decayed with a time constant of 0.6 s (Fig. 2C ) (28) , both significantly faster than the corresponding rate of rod pigment Meta II decay. Notably, the difference in decay of Sand L-cone pigment Meta II might be the mechanism producing the difference in response kinetics from mouse S-and M-cones lacking arrestin (53) .
Pigment Decay and Regeneration
In addition to activating the phototransduction cascade and producing a cellular response, light also renders the pigment molecule unable to detect a subsequent photon. In invertebrate photoreceptors, the pigment is reset to its ground state when it absorbs a second photon that reisomerizes the chromophore from all-trans-back to 11-cis-retinal (54) . In contrast, in the vertebrate retina, resetting the visual pigment molecule to its ground state is a complex process called the visual cycle (Fig. 3) , which involves multiple enzymatic reactions in and out of photoreceptors. Following photoisomerization of the chromophore, its covalent Schiff base bond to opsin is hydrolyzed, and all-trans-retinal is released from the pigment, leaving it in an apo-opsin form. The chromophore is then reduced to alltrans-retinol by a set of retinal dehydrogenases (55) . Photoreceptors express a number of retinal dehydrogenases in their outer segment, and the individual role of each one is still not well understood (56) . In the next step of the visual cycle, alltrans-retinol is exported from the outer segments of rods and cones to the adjacent layer of the retinal pigment epithelium (RPE), where, through a series of reactions, it is converted back to 11-cis-retinal. Notably, both the reduction of bleached chromophore and its removal from the outer segment occur much faster in cones than in rods (57) . Several recent excellent reviews describe in detail the reactions involved in the recycling of chromophore by the RPE (58 -61) . Upon returning to the outer segment, 11-cis-retinal binds to opsin and then forms a covalent bond with it to regenerate the visual pigment (62) .
It has been suggested that the rate-limiting step for rod dark adaptation resides outside photoreceptors and is associated with the delivery of recycled chromophore from the RPE (60). This notion is supported by experiments with knock-in mice expressing mutant E122Q rhodopsin in their rods. This mutation of rod opsin accelerates dramatically both the decay of photoactivated pigment and the regeneration of pigment from opsin and 11-cis-retinal (52), yet the kinetics of pigment regeneration in vivo are not affected by the E122Q mutation (26) , indicating that rod pigment regeneration is not rate-limited by the decay of photoactivated pigment or by the formation of a covalent bond between opsin and 11-cis-retinal.
Dark Adaptation
Exposure of photoreceptors to bright light photoactivates (bleaches) a large fraction of their visual pigment, leading to its eventual decay to free opsin. As a result, photoreceptor light sensitivity is reduced. This state of bleach adaptation is produced by two mechanisms. First, the level of visual pigment remaining in photoreceptors and available for subsequent light FIGURE 2. Measurements of Meta II decay time constant from rod and cone pigments. The deletion of arrestin in rods renders the decay of Meta II rate-limiting for the response shutoff. As a result, the rate of rod pigment Meta II decay can be measured from the decay rate of the dim flash light response in mouse rods lacking arrestin (A). Using the same approach, the Meta II decay rate of mouse S-and L-cone pigments can be estimated from transgenic mouse rods expressing S-opsin (B) or L-opsin (C) and lacking arrestin (arr Ϫ/Ϫ ) and the endogenous rod pigment (rho Ϫ/Ϫ ). This figure was reprinted from Refs. 28 and 29 with permission. FIGURE 3. Schematics of two visual cycles in vertebrate eye. The canonical RPE visual cycle (left) recycles all-trans-retinol (at ROL) released from rods and cones following a bleach to 11-cis-retinal (11c ROL), which can be used by both rods and cones for pigment regeneration. The retina visual cycle (right) relies on the Müller cells to recycle all-trans-retinol released from cones to 11-cis-retinol, which only cones can move to their outer segments and oxidize to 11-cis-retinal for regeneration of the pigment. IPM, interphotoreceptor matrix. h, photon of light.
activation is reduced, and this lowered quantum catch produces a proportional decline in light sensitivity. Second, the photoactivated pigment remains capable of activating the phototransduction cascade either by spontaneous reversal from Meta III to the physiologically active Meta II (64) or by the activation by apo-opsin (65) . Although the activity of an opsin molecule is 10 4 -10 6 times lower than that of Meta II (66, 67) , the accumulation of large amounts of opsin following a bright bleach can produce a significant desensitization. The constitutive activation of the phototransduction cascade by opsin produces adaptation similar to that induced by exposing the photoreceptors to steady background light (68) . The relative contribution of quantum catch loss and opsin activation varies with bleach fraction (68) . For instance, bleaching 50% of the pigment in salamander red cones reduces their sensitivity by 2-fold due to reduced quantum catch and by another 5-fold due to opsin activation (40) .
Dark adaptation of rod and cone photoreceptors after exposure to bright light requires regeneration of the visual pigment from opsin and 11-cis-retinal to restore the quantum catch and to remove the constitutive activation produced by opsin. As a result, the process of pigment regeneration can be studied physiologically by monitoring the rate of dark adaptation of photoreceptors. This method has proven particularly useful for studying cone pigment regeneration in the intact eye (69) or in an isolated eyecup (70) .
Opsin-Chromophore Interaction during Pigment Regeneration
The regeneration of visual pigment is a two-step process in which 11-cis-retinal first binds noncovalently in the chromophore pocket (71) and then forms a covalent Schiff base bond with opsin (72) . The truncated chromophore analog ␤-ionone, which can bind in the chromophore pocket of opsin without forming a covalent bond with it, has proven very useful for studying the noncovalent interactions between opsin and chromophore (73, 74) . In salamander rods, the occupancy of the chromophore pocket by ␤-ionone activates opsin (75) , which produces desensitization of the rods and acceleration of their flash responses. The activation of rod opsin by noncovalently bound chromophore analogs has been demonstrated also in biochemical experiments (74, 76) . In contrast, the noncovalent binding of ␤-ionone to cone opsin in salamander red cones quenches the free opsin activity and reduces their desensitization (77, 78) . Based on these findings, a model of pigment regeneration has been proposed in which the binding of 11-cis-retinal to opsin causes transient activation of the complex in rods and a decrease in light sensitivity. In contrast, in cones, the noncovalent binding of 11-cis-retinal to opsin quenches the residual activity of free opsin and promotes an increase in light sensitivity even before the regeneration of the pigment (79, 80) . As a result, the noncovalent binding of 11-cis-retinal to rod opsin produces a delay in dark adaptation in rods but accelerates dark adaptation in red cones, contributing in this way to the large difference in time required for the scotopic (rod) and photopic (cone) phases of dark adaptation.
Chromophore Traffic
Timely and efficient pigment regeneration is critical for the proper function of photoreceptors. The mechanism by which the chromophore moves between the photoreceptors and RPE cells is still unclear. A chromophore-binding protein, interphotoreceptor retinoid-binding protein (IRBP), is abundantly expressed by photoreceptors and released in the space around their outer segments (81) . IRBP can bind both all-trans-and 11-cis-chromophores, suggesting that it could be a carrier protein transporting the retinoid back and forth between photoreceptors and RPE cells. However, this issue has remained controversial, with contradicting results (82) (83) (84) (85) (86) even after the generation of IRBP-deficient mice. Recent physiological studies demonstrate that the deletion of IRBP does not affect the kinetics of dark adaptation in mouse rods or cones, suggesting that it does not play a role in accelerating the traffic of chromophore in and out of photoreceptors (86) . Nevertheless, IRBP affects photoreceptor development (87) , and its deletion leads to gradual retinal degeneration and possible chromophore deficiency (84, 85) , indicating that IRBP plays an important role in photoreceptor function and can regulate chromophore homeostasis.
Chromophore Recycling
The fast turnover of cone visual pigment required for cones to rapidly dark-adapt and to remain functional in bright light imposes the need for rapid recycling of their chromophore from all-trans-retinol back to 11-cis-retinal. The canonical pathway for chromophore recycling (58) involves the RPE, where all-trans-retinol is converted into 11-cis-retinal via a series of enzymatic reactions and then transported back to the photoreceptors for incorporation into opsin. Mounting biochemical evidence indicates that this pathway may not be sufficient for rapidly supplying cones with recycled chromophore (88 -90) , and it is now clear that a second visual cycle exists in the neural retina (91, 92) . This pathway promotes pigment regeneration and dark adaptation specifically in cones and not in rods (Fig. 3) . This visual cycle is independent of the RPE and instead involves the Müller cells, which convert all-trans-retinol released from bleached cone pigment into 11-cis-retinol (93, 94) . As only cones can oxidize 11-cis-retinol and use it for pigment regeneration (92, 95) , this likely represents one of the mechanisms restricting the retina visual cycle to cones. In addition, chromophore can traffic from the inner segment, contacting the Müller cells, to the outer segment, where opsin is located, only in cones but not in rods (96) , providing a second possible mechanism for the cone selectivity of this visual cycle. The function of the retina visual cycle has been demonstrated in a variety of species, from salamander and zebrafish to mouse, primates, and humans (63, 91, 92) , demonstrating its functional significance. Studies in the mouse indicate that the retina visual cycle promotes cone adaptation 8-fold faster than the RPE (70) . However, complete cone recovery requires both visual cycles, indicating that the retina visual cycle is critical for the initial rapid regeneration of mouse M/L-cone pigment during dark adaptation, whereas the slower RPE visual cycle is required to complete the process. The recent demonstration of a functional retina visual cycle in the mouse retina opens exciting new areas of research. The combination of physiological, genetic, and pharmacological tools described here will be a powerful approach for understanding the molecular mechanisms of this pathway and its functional role in healthy as well as in diseased retina.
